Abstract: A 6H-SiC Sapphire fiber optic vibration sensor that can work at 1200°C was designed, fabricated and tested in this paper. A sapphire fiber and a 6H-SiC vibrationsensitive element constituted the Fabry-Perot resonant cavity. The laser was input via the sapphire fiber, enabling the vibration signal to be converted to an optical signal through the Fabry-Perot cavity, and the vibration parameters were obtained by optical demodulation. The vibration-sensitive element consisted of a cantilever structure, whose structure parameters were determined by the combination of theoretical analysis and simulation. A nanosecond laser was employed to fabricate the 6H-SiC vibration-sensitive element to improve the processing efficiency and simplicity. The sensor was tested from room temperature to 1200°C. The results showed that its frequency measurement sensitivity remains 0.9997 Hz/Hz from room temperature to 1200°C, with the full-scale precision being 0.44% F.S. The sensor's output voltage is linearly correlated with the vibration acceleration from ambient temperature to 800°C, making the acceleration measurement sensitivity 17.86 mV/g at 800°C. The maximum frequency measurement error was 4.72 Hz when the sensor was at the field application of high temperature casting.
Introduction
Vibration measurement and analysis is an important topic in numerous fields such as structural engineering, acoustics, biotechnology, entertainment equipment, and security monitoring [1] . To monitor the condition of core components in real time, thus ensuring high performance and reliability, the requirements for vibration measurement under high temperature have become extremely high in fields like aerospace, automobile, and industrial engineering. This requires the sensor to be able to work normally under ultra-high temperature (>1,000°C) for at least 100,000 hours [2] . Conventional vibration sensors based on the piezoelectric principle suffer from limited linear output at high temperature, because most piezoelectric materials (e.g., piezoelectric ceramic) are burdened with phase transition under high temperature (above the Curie point), causing the reduction of the piezoelectric property or resistivity [3] , [4] . In addition, piezoelectric sensors are likely to be disturbed by high temperature bonding failure and electromagnetic interference. Generally, the operating temperature of piezoelectric sensors is around 400°C [5] . Special high-temperature piezoelectric single-crystal materials have a complex production process and high cost, and their piezoelectric properties and performance against critical shock and vibration are poor [6] - [8] , causing them to still be far from high temperature vibration application. Fiber optic sensors based on optical signal transmission are highly sensitive and can effectively solve the high temperature bonding failure of traditional electronic sensors, and meanwhile bring advantages such as corrosion resistance and anti-electromagnetic interference [9] - [11] . Thus they are deemed by many researchers to be the best solution of obtaining measured data in severe environments [12] . Among all the fiber optic sensors, the optical fiber Fabry-Perot interferometer sensor is the most attractive, thanks to its simple principle, structure, small size etc. [13] - [15] .
Optical fiber Fabry-Perot interferometer sensors have been widely studied in the field of vibration measurement [16] - [19] . The F-P cavity of common F-P vibration sensors is composed of silica fiber and/or silicon microstructure. Seat et al. [20] introduced an extrinsic fiber Fabry-Perot interferometer sensor for measuring vibration speed and displacement, which is relatively insensitive to slight temperature disturbance between 19°C and 30°C. Zhang et al. [21] proposed an all-fiber vibration sensor based on the Fabry-Perot interferometer structure, by eroding the optical fiber with hydrofluoric acid to fabricate a cantilever-mass block structure, achieving vibration measurement between 20°C and 120°C. André et al. [22] processed the optical fibers in combination with hydrofluoric acid eroding and a focused ion beam (FIB) to produce a fiber optic vibration sensor, so as to realize measurement between 100°C and 550°C. However, F-P fiber optic vibration sensors with a working temperature of above 1,000°C have not been reported yet. A major reason is that silica has a low melting point and ordinary silica fiber sensors cannot work at temperatures higher than 1,100°C [23] . Additionally, the mechanical property of silicon begins to deteriorate at 600°C, becoming liable to plastic deformation [24] , thus it is hard for an F-P cavity fabricated with silicon microstructure to work in an environment above 600°C.
Sapphire fiber boasts advantages such as a high melting point (2,040°C), small size, high rigidity, anti-corrosion and anti-electromagnetic interference, and is therefore especially suitable for high-temperature sensing under severe environments [25] . A temperature sensor fabricated with sapphire fiber has already realized temperature measurement at 1,880°C [26] . Silicon carbide (SiC) has excellent thermal, mechanical and optical properties and can be easily combined with optical interferometry [27] . The SiC-based temperature sensor has achieved temperature measurement between ambient temperature and 1,000°C [28] . Hence, an F-P fiber optic vibration sensor for ultra-high temperature application can be fabricated by combining the high-temperature properties of sapphire fiber and silicon carbide.
In this paper, a 6H-SiC Sapphire Fiber Optic Vibration Sensor (SSFOVS) was proposed, whose F-P cavity is composed of a sapphire fiber and a 6H-SiC vibration-sensitive element to realize the vibration measurement in severe environments such as ultra-high temperature and uncertain electromagnetic interference. A nanosecond laser was employed to fabricate the 6H-SiC cantilever structure. A sapphire fiber was used to receive and transmit the vibration signal. The influence of the nanosecond laser parameters on 6H-SiC processing was investigated. The sensor was tested under ambient temperature (25°C) and ultra-high temperature (600°C-1200°C) respectively, and has been successfully applied in on-site high-temperature casting.
Design and Modelling
The SSFOVS is composed of a sapphire fiber, an aluminium nitride (AIN) base, a 6H-SiC vibrationsensitive element, and a super-alloy package housing, as shown in Fig. 1 . The Fabry-Perot resonant cavity is constituted by the sapphire fiber and the 6H-SiC vibration-sensitive element. The sapphire fiber's transmission direction is vertical to the internal surface of the vibration-sensitive element under the static condition; during the vibration of the vibration-sensitive element, the length of the F-P cavity changes. The light from the narrow-band laser source shoots into the F-P cavity via the fiber and reflects multiple times in the cavity, thus generating resonance and multi-beam interference. The intensity of the interference spectrum varies with the vibration and is obtained by optical demodulation. The vibration parameters were output as voltage after photovoltaic conversion. AIN is adopted as the base of the 6H-SiC vibration-sensitive element, as its thermal expansion coefficient (4.1 × 10 −6 /K) is close to that of 6H-SiC (4.0 × 10 −6 /K), while it has favourable thermal conductivity, mechanical strength, thermal shock resistance, and thermal stability [29] and can thus effectively reduce the mechanical thermal stress mismatch. The 6H-SiC vibration-sensitive element is embedded in the groove of the step structure in the center of the AIN base, the fiber ceramic ferrule is fixed in the central hole of the AIN base, and the sapphire fiber end face is parallel to the lower surface of the vibration-sensitive element, thus forming the F-P resonant cavity. The location of the ceramic ferrule is adjusted through the regulation hole, to ensure the F-P interference. The bolt passes through the housing and the hole on the side of the AIN base to press against the ceramic ferrule, preventing loosening of the ferrule and the base. The centrosymmetric four-L-shaped cantilevercentral mass block structure is adopted for the vibration-sensitive element, with the thickness of the central mass block and the cantilever being the same. This structure ensures that the central mass block has the strongest vibration in the direction vertical to the fiber and reduces the impact of vibration in other directions on the intensity of the reflected interference spectrum, which helps to improve the measurement accuracy. The interference spectrum is transmitted via the sapphire fiber, realizing the measurement from ambient temperature and ultra-high temperature.
The frequency response of the SiC vibration-sensitive element is very important to the dynamic range of the vibration sensor. According to the operating principle of the vibration sensor, the elastic beam of the sensor converts the external acceleration into corresponding mechanical deformation, which is equivalent to a spring-damping system. The calculation formula of the first natural frequency of the spring-damping system is
where f 0 is the first natural frequency (Hz) of the cantilever, K is the elastic coefficient (N/m) of the cantilever structure, and m is the mass (kg) of the mass block. When the four-cantilever folded beam is simplified to a cantilever of rectangular section, its elastic coefficient is where E is the Young's modulus (Pa) of the material, b is the width (m) of the elastic beam, h is the thickness (m) of the elastic beam, L is the length (m) of the elastic beam, and λ is the calculation constant of the four-cantilever structure.
The mass of the square central mass block is
where a is the side length (m) of the central mass block and ρ the density (kg/m 3 ) of the material. The relation between the first natural frequency and structure parameters of the sensitive element structure can be calculated with formulas (1), (2) and (3) as
Considering the common application requirements for vibration measurement, the operating frequency range of the SSFOVS is designed to be from 100 Hz to 1,000 Hz, so that the resonant frequency of the vibration-sensitive element shall be ensured above 3 kHz. The size of the sensitive element was preliminarily estimated with formula (4); and the ideal first natural frequency of the vibration-sensitive element was later gained through ANSYS finite element simulative analysis, as shown in Fig. 2 . The four sides of the sensitive element are set as fixed constraints, while other locations have no constraint; a sine acceleration whose maximum is 20 g was applied to the direction vertical to the central mass block surface. The simulation result shows that when the sensitive element has a thickness of 0.33 mm and a side length of 15 mm, the cantilever has a length of 8.5 mm and a width of 0.75 mm, and the central mass block has a side length of 6 mm, while the resonant frequency is 4,067 Hz, as shown in Fig. 2(a) , which satisfies the design requirement for the operating frequency range. Within the operating frequency range of 100-1,000 Hz, the maximum vertical displacement of the central mass block upon the acceleration of 20 g is 87 nm, which meets the optical demodulation requirement that the length of the F-P resonant cavity should be shorter than 100 nm. Fig. 2(b) is the first mode simulation result of the sensitive element, showing the maximum amplitude of the central mass block.
Sensor Fabrication
Laser processing, as a highly efficient micromachining method, has high lateral resolution, low thermal effect, high flexibility and can be used for micro-nano machining of fiber optic sensors [30] - [33] . We fabricated the vibration-sensitive element of SSFOVS by processing a 2-inch 6H-SiC wafer (Tankeblue, China) with an ultraviolet nanosecond laser (Chutian laser, China). With the laser wavelength of 355 nm and constant 5W laser power, scanning at the fixed speed of 1,000 mm/s was conducted on the surface of the 6H-SiC wafer. Each scan left a wedge groove on the surface of the wafer. Under the constant laser power and scanning speed, each scan increased the groove depth by about 40 um, as shown in Fig. 3 . After 9 times scanning, the 6H-SiC vibration-sensitive element of four-cantilever-central mass block structure was obtained. The average processing time of a single 6H-SiC vibration-sensitive element is about 4min. Ultrasonic-assisted processing was adopted for the AIN base to obtain the step-type square groove and the central hole. Fig. 4 shows the processed 6H-SiC vibration-sensitive element stuck to the square groove of the AIN base by the heat-resistant inorganic adhesive aluminosilicate.
The structure of SSFOVS after packaging is shown in Fig. 5 . Nickel-base super alloy, which has high plasticity, high durable creep strength, and favorable resistance to oxidation [34] , was chosen as the housing material. The AIN base with the vibration-sensitive element was placed in the housing, through the lower part of which the fiber ceramic ferrule was inserted into the central hole of the AIN base. When the interference was favorable by adjusting the location of the fiber ceramic ferrule, the bolt was inserted through the housing and the side hole of the AIN base to IEEE Photonics Journal Ultra-High Temperature 6-H SSFOVS fix the ceramic ferrule. Aluminosilicate inorganic adhesive was then used to double fix the ceramic ferrule to the AIN base at the bottom.
Characterization and Discussion
Fig . 6 shows the experimental facility of the high-temperature vibration test, mainly including a signal generator, a vertical tube furnace, a signal demodulator, a vibration exciter, and a power amplifier. The sensor is connected with a vibration exciter (Sinocera Piezotronics, China) via a zirconia ceramic tube, and is completely inside the customized vertical tube furnace (Shanghai Institute of Optics and Fine Mechanics, China), whose maximum internal temperature is up to 1,400°C, with a regulation precision of 1°C. The fiber is drawn out of the zirconia hollow ceramic tube and connected to the demodulation system, which can collect the full waveform of interference spectrum output from the sensor and display it on the computer. The sine signal is generated by the function generator (Tektronix, US), amplified by the power amplifier (Sinocera Piezotronics, China), and then applied to the vibration exciter to produce the required vibration. The output acceleration of the exciter is measured by a commercial accelerometer (PCB Piezotronics, US)
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Ultra-High Temperature 6-H SSFOVS fixed on the vibration surface of the exciter, and a vibration signal testing and analyzing system (Müller-BBM VibroAkustik Systeme, Germany) records and displays the real-time measurement of the acceleration on the computer. The sensor is tested between ambient temperature and 1,200°C, and its output is recorded. Fig. 7 shows the frequency response of the SSFOVS between 100 Hz and 4,500 Hz at room temperature. It is observed that the resonant frequency is around 3,750 Hz, quite close to the first natural frequency (4,067 Hz) of the vibration-sensitive element obtained in the ANSYS simulation. The operating frequency range is 100 Hz-1 kHz, which satisfies the design requirement. The frequency measurement experiment was carried out within the frequency range of 100 Hz-1 kHz, with a step length of 10 Hz, at ambient temperature, 600°C, 800°C, 1,000°C, and 1,200°C, respectively. The frequency measurement result for the SSFOVS at 1,200°C is illustrated in Fig. 8 . It indicates that the measured frequency of the SSFOVS is of extremely high linearity with the vibration frequency, with the frequency measuring sensitivity of 0.9997 Hz/Hz, the maximum error of 4 Hz, and the full scale precision of 4/(1,000-100) * 100% = 0.44% F.S. The results at ambient temperature, 600°C, 800°C, and 1,000°C remain the same, indicating that the frequency measuring function of the SSFOVS is not affected by temperature. The frequency measuring sensitivity and fullscale precision of the SSFOVS still remain the same when the input vibration acceleration changes from 1 g to 5 g. The sensor taken out of the furnace right after the 1,200°C high-temperature test is still in good shape, and the silicon carbide vibration-sensitive element is intact, as shown in Fig. 9 . Fig. 10 shows the relation between the acceleration and the SSFOVS' output voltage at 800°C within the vibration frequency of 100-1,000 Hz, with the acceleration ranging from 1 g to 5 g. It shows that the output voltage increases linearly with the applied acceleration, with the nonlinearity of 1.22%, 3.36%, −11.16%, −5.87%, 4.96% and 7.97% for frequency of 100 Hz, 200 Hz, 400 Hz, 600 Hz, 800 Hz, and 1,000 Hz respectively. The inset of Fig. 10 displays the sensor's acceleration measurement sensitivity (the slope of the curves in Fig.10 ) under various frequencies, namely 18.91 mV/g, 18.33 mV/g, 15.14 mV/g, 11.99 mV/g, 17.86 mV/g, and 16 .44 mV/g at 100 Hz, 200 Hz, 400 Hz, 600 Hz, 800 Hz, and 1,000 Hz respectively. It can be seen that the sensor's acceleration measurement sensitivity maintains relatively stable except at 400 Hz and 600 Hz. The reason may be that the natural frequency of the fixed device (e.g., the hollow ceramic tube) is between 400 and 600 Hz, which affects the sensitivity of the sensor.
At ambient temperature, 600°C and 800°C, at the vibration frequency of 800 Hz, the output voltage of the SSFOVS and the acceleration maintain an excellent linear relation, with the nonlinearity of −3.91%, −3.60% and 4.96% respectively, as shown in Fig. 11 . This shows that as the temperature increases, the acceleration measurement sensitivity decreases, which is 44.64 mV/g, 31.75 mV/g, and 17.86 mV/g respectively. That is probably because the background light noise under high temperature is relatively strong, leading to the reduced detected intensity of the interference spectrum, and thus the output voltage after photovoltaic conversion decreases accordingly. The linear relation between the output voltage and the acceleration deteriorates when the temperature reaches 1,000°C or above.
Ultra-High Temperature 6-H SSFOVS 
Field Application
Field application of the SSFOVS was carried out in the high-temperature casting workshop of Wuhan Heavy Duty Machine Tool Group Corporation, to verify the high-temperature stability of the sensor in severe environments such as high temperature, dustiness and uncertain electromagnetic interference (there were four large electromagnetic induction furnaces used to melt molten iron in the casting workshop), as shown in Fig. 12 . The SSFOVS was installed in a flask. A 10 mm thick steel plate was partly inserted into the mold cavity through a man-made hole, with its left part being able to direct contact the molten iron. The SSFOVS was fitted upside down on the upper surface of the outside part of the steel plate. The pouring of the molten iron in the ladle was not carried out TABLE 1 Frequency Measurement Data of Application of the Sensor until its temperature was measured to be 1,300°C. At the same time of the pouring, the vibration motor (Jinan Sigmar, China) clamped at the flask's flange was started, enabling the molten iron to enter the mold cavity under the mold vibration. The vibration continued for another half an hour after pouring. During vibration, the vibration motor speed changes and the vibration frequency was monitored in real time by the SSFOVS.
The motor speed frequency formula is
where f is the vibration frequency in Hz of the motor, P is the number of pole pairs of the motor, and N s is the shaft rotation speed in rpm of the motor. Accordingly, the generated vibration frequency of the motor we used (with 2 pole pairs) is theoretically its rotation speed divided by 60. Table 1 shows the field experiment data of the SSFOVS. It can be calculated that the absolute value of the maximum measuring error is 4.72 Hz, which is very close to the laboratory measurement.
Conclusion
In this paper, a 6H-SiC Sapphire Fiber Optic Vibration Sensor (SSFOVS) of Fabry-Perot interferometer structure was designed and fabricated, effectively realizing the vibration frequency and acceleration measurement in an ultra-high temperature environment. Heat-resistant 6H-SiC and sapphire fiber were adopted as the materials for the critical components. The sapphire fiber and the 6H-SiC vibration element constituted the F-P resonant cavity. It was proposed for the first time that the laser process be adopted for SiC to fabricate the vibration-sensitive element, which reduced the process difficulty and increased the efficiency. The sensor has a maximum operating temperature of 1,200°C; from ambient temperature to 1,200°C, the frequency measuring sensitivity remains 0.9997 Hz/Hz, with the full-scale precision of 0.44% F.S. The sensor's output voltage and vibration acceleration are linearly correlated between ambient temperature and 800°C, with the acceleration measuring sensitivity of the sensor at 800 Hz under 800°C being 17.86 mV/g. The field high-temperature casting test shows that the sensor exhibits a good working performance, with the maximum frequency test error of 4.72 Hz. Compared with traditional vibration sensors, the SSFOVS boasts small size, high sensitivity, and a rapid response, and can work in severe environments such as high temperatures and uncertain electromagnetic interference. It has filled the gap in high-temperature vibration sensors and has a wide prospect of application.
